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Summary

Expression of the gap and pair-rule genes plays an essential role in body segmentation
during Drosophila embryogenesis [1-5]. However, it remains unclear how precise
expression patterns of these key developmental genes arise from stochastic transcriptional
activation at the single cell level. Here, I employed genome editing and live imaging
approaches to comprehensively visualize regulation of the gap and pair-rule genes at the
endogenous loci. Quantitative image analysis revealed that the total duration of active
transcription (transcription period) is a major determinant of spatial patterning of gene
expression in early embryos. The length of transcription period is regulated by the
continuity of bursting activities in individual nuclei, with core expression domain
producing more bursts than boundary region. Each gene exhibits distinct rate of nascent
RNA production during transcriptional bursting, which contributes to gene-to-gene
variability in the total output. I also provide evidence for “enhancer competition”, wherein
a distal weak enhancer interferes with transcriptional activation by a strong proximal
enhancer to downregulate the length of transcription period without changing the
transcription rate. Analysis of endogenous hunchback (hb) locus revealed that the
removal of distal shadow enhancer induces strong ectopic transcriptional activation,
which suppresses refinement of broad expression domain into narrower stripe pattern at
the anterior part of embryos. This study provides key insights into the link between
transcriptional bursting, enhancer-promoter interaction and spatiotemporal patterning of

gene expression during animal development.
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Results and discussion

Zygotic transcription of the gap and pair-rule genes plays an essential role in body
segmentation of Drosophila embryos [1-5]. Each gene produces distinct spatial pattern
with sharp ON/OFF boundary from crude gradients of maternal morphogens [6].
Positional information encoded by anterior-posterior (AP) pattering genes is not static,
rather it undergoes dynamic spatial shifting over time [7], which is thought to facilitate
time-dependent changes in the distribution of regulatory gradients within an embryo.
Importantly, recent advent of quantitative imaging methods revealed that transcription is
a stochastic process that consists of successive bursts of de novo RNA synthesis in various
species including Drosophila [8-16]. Nonetheless, spatiotemporal patterning of
developmental genes is highly reproducible within a population [17]. Thus, question
remains to be addressed how precise expression patterns arise from stochastic
transcription in developing embryos.

To directly visualize transcription dynamics of AP pattering genes at the endogenous loci,
I employed genome editing and quantitative live imaging approaches [18-20]. The
sequence cassette containing 24x MS2 and SV40 poly(A) signal was inserted into the 3”
untranslated region (UTR) of target genes using CRISPR/Cas9 (Figure 1A). First, MS2-
tagged strains were obtained for four major gap genes, giant (gt), hunchback (hb),
Kriippel (Kr) and knirps (kni) (Figure 1B and Figure S1A). The length of inserted MS2
cassette is same for all genes, permitting direct comparison of transcription activities of
different genes irrespective of the size of transcription unit. Because MS2 signal becomes
visible only when elongating RNA polymerase II enters into the 3 UTR of the gene,
measurement of transcription dot allows me to estimate the rate of full-length mRNA
production with high temporal resolution. Fluorescent in situ hybridization (FISH) assay
using MS2 probe showed that authentic patterns of gene expression are maintained in
genome editing strains (Figure S1A-C). Importantly, they were all homozygote viable,
suggesting that engineering of 3" UTR does not impede either transcription or translation.
This is important for the analysis of developmental genes in early embryos because many
of them encode sequence-specific transcription factors and are subject to auto-regulation

by their own protein products [21-23].

First, expression of endogenous #b was visualized with maternally provided MCP-GFP
fusion protein from the entry into nuclear cycle 14 (nc14) (Movie S1). Integration of MS2

signal in individual nuclei over time recapitulated the formation of sharp ON/OFF
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boundary with steep gradient around ~43-47% embryo length (EL) (Figure 1C). To
explore the mechanism of pattern formation, quantitative image analysis was performed
to determine the total duration of active transcription (transcription period) and the mean
MS?2 intensity during transcriptional activation (transcription rate) (Figure S1D). I found
that the length of transcription period in each nucleus is sufficient to recapitulate spatial
patterning of nascent RNA production including the formation of expression boundary
(Figure 1D), while the transcription rate was constant regardless of relative location
(Figure 1E). To ask how the length of transcription period is regulated, MS2 trajectories
in individual nuclei were analyzed. Nuclei located at boundary region were found to
produce sporadic transcriptional bursting (Figure 1F; 43.3% EL and 45.9% EL). On the
other hand, nuclei near the core expression domain exhibited more continuous activation
profiles (Figure 1F; 39.1%EL and 41.3% EL). This trend was clearly seen when analyzed
length of every single bursting events in all nuclei at each AP position (Figure 1G),
suggesting that nuclei located near the core expression domain produce next burst before
clearance of previous bursts to increase the total length of transcription period. Next, I
analyzed hb expression at the posterior part of embryos (Movie S2). As in anterior
expression domain, the length of transcription period highly correlated with the total
output, while the transcription rate exhibited only moderate correlation (Figure S2A-C).
Individual MS2 trajectories of posterior 4b exhibited similar transition of bursting profiles
along the AP axis (Figure S2D and E). These results are consistent with the idea that the
modulation of transcription period is a major determinant of spatial patterning of hb

expression in early embryos.

Next, I explored transcription dynamics of other gap genes, g¢, Kr and kni (Figure ST1A).
Live imaging analysis revealed that their spatial patterns also arise from the modulation
of transcription period as in 4b locus (Figure 2A and B). Comparison of individual MS2
trajectories revealed differential continuity of bursting activities between boundary and
core expression domain (Figure S3). Superimposed profiles of transcription period nicely
overlapped with spatial distribution of nascent transcripts within an embryo (Figure 2B),
while the transcription rate did not (Figure 2C), again supporting the idea that unique
expression patterns of gap genes emerge from the modulation of transcription period.
Importantly, each gene was found to exhibit distinct rate of nascent RNA production
during transcriptional activation (Figure 2C and G), which appears to contribute to gene-
to-gene variability in the total output. For example, posterior 4b exhibits longer
transcription period than kni (Figure 2B), but does not produce proportionally higher level

of output since the transcription rate is nearly twice smaller (Figure 2C and G). I therefore
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suggest that the length of transcription period defines basic spatial patterning of gene

expression and the transcription rate contributes to differential output among gap genes.

To further explore regulatory mechanism of other key AP patterning genes, transcription
dynamics of endogenous head gap genes, orthodenticle (otd), buttonhead (btd) and empty
spiracles (ems) was visualized (Figure S1B). Live imaging analysis revealed that spatial
patterns of head gap genes also arise from the modulation of transcription period rather
than the transcription rate (Figure 2D-F). Same conclusion was further supported by the
analysis of endogenous pair-rule genes, even-skipped (eve), fushi-tarazu (ftz), hairy (h),
paired (prd) and runt (run) (Figure S1C and S4A). Comparison of transcription rates
revealed that there are ~3.1-fold and ~2.7-fold variations among gap and pair-rule genes
(Figure 2G and Figure S4B). Among these, rate of 4b transcription was found to largely
differ between anterior and posterior expression domains (Figure 2C and G). In contrast,
rate of gt transcription was similar between anterior and posterior regions (Figure 2C and
(). Transcription of gf is driven from the common promoter regardless of the expression
domain. On the other hand, anterior expression of /b is driven from the proximal P2
promoter [24], while the posterior expression is also driven from the distal P1 promoter
(Figure 3A) [25, 26], suggesting that differential promoter usage within a same gene
mediates switching of transcription rate in response to different transcriptional activators

present along the AP axis.

Gap genes are typically regulated by two redundant enhancers that can produce
overlapping patterns in early embryos [27]. While previous transgene assay suggested
that redundant enhancers foster robustness of gene expression [28, 29] or help to increase
transcriptional output [30], it remains unclear if they can simultaneously interact with
target promoter. Anterior expression of /b is controlled not only by classical proximal
enhancer [24, 31], but also by newly-identified distal redundant enhancer, or shadow
enhancer [27] (Figure 3A). To visualize the role of shadow enhancer at the endogenous
locus, second round of genome editing was performed using 4b-MS2 strain to remove
corresponding regulatory sequence (Figure 3A). Unexpectedly, live imaging analysis of
resulting mutant embryos revealed that /b starts to produce exceptionally high level of
nascent transcripts upon deletion of shadow enhancer (Figure 3B and Movie S3). Time-
course measurement revealed that this ectopic activation takes place ~10-20 min after
entry into ncl4 (Figure 3B). Importantly, removal of shadow enhancer increased the
length of transcription period without changing the transcription rate (Figure 3C and D).

These results are consistent with the idea that distal shadow enhancer interferes with gene
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activation by proximal enhancer to downregulate #b expression at internal region of
expression domain. It has been shown that spatial limit of 4b expression is determined by
the gradient of maternal Bicoid activator [24]. I found that the level of RNA production
at boundary region (~43-47% EL) was unaffected by the removal of shadow enhancer
(Figure 3B), suggesting that proximal enhancer alone is sufficient for responding to

diminishing level of Bicoid, and that shadow enhancer does not impede this activity.

Lastly, I analyzed time-dependent shifting of gap gene expression during nc14. Consistent
with previous studies using fixed embryos [7], live imaging data captured anterior shifting
of transcription activities of Kr, kni, posterior gt and hb (Figure 4A). However, simple
accumulation of nascent transcripts over time was found to mask these shifting effects
(Figure 4B), which is incompatible with previous quantitative FISH analysis [7, 32].
Early Drosophila embryo is characterized by rapid rates of mRNA degradation. Half-life
of newly synthesized mRNAs in early nc14 embryos is estimated to be ~13-14 min [33,
34]. Using live imaging data, | simulated effects of mRNA degradation by considering
rapid rate of mRNA decay (ti2 = 13 min). Simulated data augmented anterior shifting of
expression domains (Figure 4C), suggesting that both de novo RNA synthesis and
degradation rates contribute to dynamic shifting of positional information encoded by the
gap genes. Simulated data also suggest that rapid mRNA degradation helps refinement of
initial broad expression domain of anterior g¢ and /b into narrower stripe patterns (Figure
4C). Importantly, 2b mutant lacking distal shadow enhancer can only produce static
pattern of gene expression even in the presence of rapid mRNA decay (Figure 4D and E).
I therefore suggest that transcriptional interference by distal shadow enhancer facilitates

dynamic refinement of expression domain in early embryos.

In this study, I provided evidence that the modulation of transcription period is a major
determinant of spatial patterning of gene expression in Drosophila embryos. The length
of transcription period is regulated by the continuity of bursting activities in individual
nuclei, with core expression domain producing more bursts than boundary region to
increase total duration of active transcription (Figure 1, Figure S2 and S3). Consistent
with previous results [35, 36], enhancers appear to be responsible for successive induction
of transcriptional bursting because removal of b shadow enhancer specifically altered
the length of transcription period without changing the transcription rate (Figure 3C and
D). Previous transgene assay suggested that 26 shadow enhancer is ~2-fold weaker than
proximal enhancer [30]. Genome-editing analysis in this study revealed that the deletion

of shadow enhancer causes ~2-fold increase in the level of total RNA production (Figure
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3B), suggesting that interaction between P2 promoter and strong proximal enhancer is
competitively blocked by distal weak enhancer to downregulate de novo RNA synthesis
and facilitate refinement of initial expression domain during ncl4. Antagonistic
relationship of 4b enhancers suggests that they do not form common “transcription hubs”
for gene activation, which differs from cooperative action of super enhancers in
mammalian cells [37-39]. Regulation of 4b is also unique from enhancer competition
mechanism seen at other locus [30, 40] in a point that distal weak enhancer sequesters
interaction with target promoter from remote location despite its “topological
disadvantage” over strong proximal enhancer. It might be possible that transcriptional
interference by hb shadow enhancer helps subsequent recruitment of distal stripe
enhancer to the promoter region at late ncl4 [41]. Supporting this view, clear stripe

pattern was not observed in the deletion mutant (Figure 4D and E, Movie S3).

This study also showed that the transcription rate is relatively constant across expression
domain for all tested genes, which is consistent with previous observation that
transcriptional activators and repressors mainly regulate the frequency, but not the
amplitude, of transcriptional bursting [36, 42]. When compared different genes, each of
them exhibits distinct rate of transcription (Figure 2G and Figure S4B). This appears to
contribute to gene-to-gene variability in the level of total RNA production (Figure 2A-F
and Figure S4A). Transcription rates might be modulated by core promoter sequences
because different usage of hb promoter largely altered its activity within an embryo
(Figure 2C and G). Recent single molecule FISH and theoretical modeling approach
suggested that transcription initiation rates are constant among four major gap genes in
ncl3 embryos [43]. It can be possible that transcription rates of gap genes in earlier
nuclear cycle are equally “boosted-up” to enable efficient production of nascent
transcripts within a short duration of interphase (~10-12 min). I suggest that differential
rates of transcription in nc14 help to enrich regulatory information encoded by the gap

and pair-rules genes for specification of individual body segments in developing embryos.
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Experimental model and subject details

In all imaging experiments, 1 studied Drosophila melanogaster embryos at nuclear cycle
14. The following fly lines were used in this study: nos>MCP-GFP, His2Av-mRFP/CyO
[44], hb-MS2 (this study), gt-MS?2 (this study), Kr-MS?2 (this study), kni-MS2 (this study),
otd-MS?2 (this study), ems-MS2 (this study), btd-MS2 (this study), A-MS2 (this study),
run-MS?2 (this study), prd-MS?2 (this study), hb-MS2 Ashadow enhancer (this study), fiz-
MS?2 [45], and eve-MS?2 [45].
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Method Detail

MS2-tagging of endogenous locus by CRISPR/Cas9

pCFD3 gRNA expression plasmid and pBS-MS2-dsRed donor plasmid were co-injected
using nanos-Cas9 strains [46]. Microinjection was performed as previously described
[47]. In brief, 0-1 h embryos were collected and dechorionated with bleach. Aligned
embryos were dried with silica gel for ~7 min and covered with FL-100-1000CS silicone
oil (Shin-Etsu Silicone). Subsequently, microinjection was performed using FemtolJet
5247 (Eppendorf) and DM IL LED inverted microscope (Leica) equipped with M-152
Micromanipulator (Narishige). Injection mixture typically contains 500 ng/ul pCFD3
gRNA expression plasmid, 500 ng/ul pBS-MS2-dsRed donor plasmid, 5 mM KCl, 0.1
mM phosphate buffer, pH 6.8. 3xP3-dsRed marker was used for screening.

Enhancer deletion by CRISPR/Cas9

pCFD3 gRNA expression plasmids, pBS-3xP3-GFP donor plasmid and pBS-hsp70-Cas9
plasmid (addgene #46294) were co-injected to homozygote hb-MS2 embryos.
Microinjection was performed as described in previous section. Injection mixture
contains 500 ng/ul pCFD3 gRNA expression plasmids, 500 ng/ul pBS-3xP3-GFP donor
plasmid, 500 ng/ul pBS-hsp70-Cas9 plasmid, 5 mM KCI, 0.1 mM phosphate buffer, pH
6.8. 3xP3-GFP marker was used for subsequent screening. Deletion has been confirmed

by PCR analysis of genomic DNA purified from the resulting mutant.

Preparation of MS2 probe for in situ hybridization

Antisense RNA probe labeled with digoxigenin (DIG RNA Labeling Mix 10 X conc,
Roche) was in vitro transcribed using T3 RNA polymerase (NEB). Templated DNA for
MS?2 probe was prepared by linearizing pBlueScript-MS2 plasmid [48] with EcoRI.

Fluorescence in situ hybridization

Embryos were dechorionated and fixed in fixation buffer (1 ml of 5x PBS, 4 ml of 37%
formaldehyde and 5 ml of Heptane) for ~25 min at room temperature. Antisense RNA
probe labeled with digoxigenin was used. Hybridization was performed at 55 °C
overnight in hybridization buffer (50% formamide, 5x SSC, 50 pg/ml Heparin, 100 pg/ml
salmon sperm DNA, 0.1% Tween-20). Subsequently, embryos were washed with
hybridization buffer at 55 °C and incubated with Western Blocking Reagent (Roche) at
room temperature for ~2 hours. Then, embryos were incubated with sheep anti-

digoxigenin (Roche) at 4 °C for overnight, followed by incubation with Alexa Fluor 555
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donkey anti-sheep (Invitrogen) fluorescent secondary antibody at room temperature for
~2 hour. Embryos were mounted in ProLong Gold Antifade Mountant (Thermo Fisher
Scientific). Imaging was performed on a Zeiss LSM 900 confocal microscope. Plan-
Apochromat 20x / 0.8 N.A. objective was used. Images were captured in 16-bit.
Maximum projections were obtained for all z-sections, and resulting images were shown.

Brightness of images was linearly adjusted using Fiji (https://fiji.sc).

MS2 live imaging

MCP-GFP, His2Av-mRFP/CyO virgin females were mated with males carrying the MS2
allele. The resulting embryos were dechorionated and mounted between a polyethylene
membrane (Ube Film) and a coverslip (18 mm x 18 mm), and embedded in FL-100-
450CS (Shin-Etsu Silicone). Embryos were imaged using a Zeiss LSM 900. Room
temperature was kept in between 22.0 to 23.0 °C during imaging. Plan-Apochromat 40x
/ 1.4 N.A. oil immersion objective was used. At each time point, a stack of 26 images
separated by 0.5 um was acquired. Typical time resolution of resulting maximum
projection was 0.28 min. In subsequent image analysis, all movies were considered to
have same time resolution (0.28 min/frame). Images were captured in 16-bit. Images were
typically taken from the end of nc13 to the onset of gastrulation at nc14. During imaging,
data acquisition was occasionally stopped for a few seconds to correct z-position, and
data were concatenated afterwards. For each cross, three independent embryos were

analyzed. The same laser power and microscope setting were used throughout the study.

Plasmids

pCFD3-dU6-hb 3'UTR

Two DNA oligos (5'-GTC GAT AGG AGA CAG ATT GAAAGG-3") and (5'-AAA CCC
TTT CAA TCT GTC TCC TAT-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

pPBS-hb 5 Arm-24xMS2-dsRed-SV40-hb 3 'Arm

A DNA fragment containing 3" homology arm of #b was amplified from genomic DNA
using primers (5'-TTT AAT CTA GAT TCA ATC TGT CTC CTA TAC ACT C-3") and
(5'-TTA AAG CGG CCG CCT TGG GTA TTT AGC ACA TGA TGG AG-3’), and
digested with Xbal and Notl. The resulting fragment was inserted into pBS-MS2-dsRed
[49]. Subsequently, a DNA fragment containing 5" homology arm of 4b was amplified
from genomic DNA using primers (5 -TTT AAG GTA CCC TCC AGA TGC TGG CCG
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CCCAAC-3")and (5'-TTAAAG TCG ACA GGT GGC TAC AGT TCA ATA CAG TTA-
37), and digested with Kpnl and Sall. The resulting fragment was inserted into the plasmid.

pCFD3-dU6-gt 3'UTR

Two DNA oligos (5-GTC GCT CTT GAT GCG TTG AAC GCG-3") and (5'-AAA CCG
CGT TCA ACG CAT CAA GAG-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

pBS-gt 5 ' Arm-24xMS2-dsRed-SV40-gt 3 Arm

A DNA fragment containing 5" homology arm of g¢ was amplified from genomic DNA
using primers (5'-TTT AAC TCG AGG ACT CCC TCG CCG TAT CAAACA AGC-3")
and (5'-TTA AAG AAT TCG TTC AAC GCA TCA AGA GAG GAG TGG-3"), and
digested with Xhol and EcoRI. The resulting fragment was inserted into pBS-MS2-dsRed
[49]. Subsequently, a DNA fragment containing 3" homology arm of gt was amplified
from genomic DNA using primers (5'-TTT AAA CTA GTG CGA GGA TCC GAA TCG
TAT GTC CAG-3") and (5-TTA AAC CGC GGC GAC CCT ATT TTC CTC CGA CGT
CT-3"), and digested with Spel and Sacll. The resulting fragment was inserted between
the the plasmid.

pCFD3-dU6-Kr 3'UTR

Two DNA oligos (5'-GTC GAT TAG GGC TAT GTA CAA TT-3") and (5'-AAA CAA
TTG TAC ATA GCC CTA AT-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

PBS-Kr 5 Arm-24xMS2-dsRed-SV40-Kr 3 'Arm

A DNA fragment containing 5" homology arm of Kr was amplified from genomic DNA
using primers (5'-TTT AAC TCG AGC AGA CCG AGA TCA GCA TGA GTG TA-3")
and (5'-TTAAAG AAT TCATTC GGT GTG GTA CTG GCC TAATG-3"), and digested
with Xhol and EcoRI. The resulting fragment was inserted into pBS-MS2-dsRed [49].
Subsequently, a DNA fragment containing 3" homology arm of Kr was amplified from
genomic DNA using primers (5'-TTT AAA CTA GTT GTA CAT AGC CCT AAT CAG
TTT TC-3") and (5'-TTA AAG CGG CCG CCG ATA CAG AGG TAT TGG AGG TAT-
37), and digested with Spel and Notl. The resulting fragment was inserted into the plasmid.

pCFD3-dU6-otd 3'UTR
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Two DNA oligos (5'-GTC GTC CTT TGC GAT CGT ATT TGT-3") and (5'-AAA CAC
AAA TAC GAT CGC AAA GGA-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

pBS-otd 5’ Arm-24xMS2-dsRed-SV40-otd 3 Arm

A DNA fragment containing 5" homology arm of otd was amplified from genomic DNA
using primers (5'-TTT AAC TCG AGG GAT GCC GGT GGT GAT ATT GGT GCC-3")
and (5-TTA AAG AAT TCA ATA CGA TCG CAA AGG AAG TGT ATC-3"), and
digested with Xhol and EcoRI. The resulting fragment was inserted into pBS-MS2-dsRed
[49]. Subsequently, a DNA fragment containing 3" homology arm of otd was amplified
from genomic DNA using primers (5'-TTT AAA CTA GTT GTT GGA AAT AGG AAA
TTC AAG TTC-3") and (5-TTA AAC CGC GGG CTG ATT TGG GTT TGT ATT CTC-
37), and digested with Spel and Sacll. The resulting fragment was inserted into the
plasmid.

pCFD3-dU6-ems 3'UTR

Two DNA oligos (5'-GTC GCG GCC AGG AGA TAG TCC TG-3") and (5'-AAA CCA
GGA CTA TCT CCT GGC CG-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

pBS-ems 5 Arm-24xMS2-dsRed-SV40-ems 3 Arm

A DNA fragment containing 5" homology arm of ems was amplified from genomic DNA
using primers (5-TTT AAC TCG AGC GCC CCT TTC CCA TGG GAC CCG GA-3)
and (5'-TTA AAG AAT TCG ACT ATC TCC TGG CCG CTT CTC TC-3"), and digested
with Xhol and EcoRI. The resulting fragment was inserted into pBS-MS2-dsRed [49].
Subsequently, a DNA fragment containing 3" homology arm of ems was amplified from
genomic DNA using primers (5'-TTT AAG CTA GCC TGC GGC GGT CCG TGA GTT
CCT T-3") and (5'-TTA AAC CGC GGC CCG CTC TTT TCA GTC GCG GCC GCA-
37), and digested with Nhel and Sacll. The resulting fragment was inserted into the
plasmid.

pCFD3-dU6-btd 3'UTR

Two DNA oligos (5'-GTC GTT CCC CCA ATC TAG TAG CTA-3") and (5'-AAA CTA
GCT ACT AGA TTG GGG GAA-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.
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pBS-btd 5’ Arm-24xMS2-dsRed-SV40-btd 3" Arm

A DNA fragment containing 5" homology arm of btd was amplified from genomic DNA
using primers (5 -TTT AAG GTA CCC GCG CAG CGA TCA CCT CAG CAA GC-3")
and (5'-TTA AAC TCG AGC TAC TAG ATT GGG GGA AAA AAA-3), and digested
with Kpnl and Xhol. The resulting fragment was inserted into pBS-MS2-dsRed [49].
Subsequently, a DNA fragment containing 3" homology arm of btd was amplified from
genomic DNA using primers (5'-TTT AAA CTA GTC TAA GGC ATT TTT TTT TGC
ATG TC-3") and (5'-TTA AAC CGC GGC CCG TTT AAT TAT AAA CTC TGT G-3"),
and digested with Spel and Sacll. The resulting fragment was inserted into the the plasmid.

pCFD3-dU6-h 3'UTR

Two DNA oligos (5'-GTC GAG ACA TTT CAC ATC ATT CGC-3") and (5'-AAA CGC
GAA TGA TGT GAA ATG TCT-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

PBS-h 5 Arm-24xMS2-dsRed-SV40-h 3 'Arm

A DNA fragment containing 3" homology arm of # was amplified from genomic DNA
using primers (5'-TTT AAT CTA GAC GCC GGG ATT GCG CAAATG TTG CT-3") and
(5'-TTAAAG CGG CCG CGG CCT ATC GAA CGG ATG TGT GAA-3"), and digested
with Xbal and Notl. The resulting fragment was inserted into pBS-MS2-dsRed [49].
Subsequently, a DNA fragment containing 5" homology arm of # was amplified from
genomic DNA using primers (5 -TTT AAG GTA CCG CCG GCT CGC CACTCC AAA
TTG G-3") and (5'-TTA AAC TCG AGA ATG ATG TGA AAT GTC TAC GCG C-3"),
and digested with Kpnl and Xhol. The resulting fragment was inserted into the plasmid.

pCFD3-dU6-run 3'UTR

Two DNA oligos (5'-GTC GCG GCG ACG CAG AGC GGC AAG-3") and (5-AAA
CCT TGC CGC TCT GCG TCG CCG-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

pBS-run 5°Arm-24xMS2-dsRed-SV40-run 3 Arm

A DNA fragment containing 5" homology arm of run was amplified from genomic DNA
using primers (5'-TTT AAC TCG AGG CCG CCA ACC AAA TCC CCC ACC AT-3")
and (5'-TTA AAG AAT TCG CCG CTC TGC GTC GCC GCT GTT ATA-3"), and
digested with Xhol and EcoRI. The resulting fragment was inserted into pBS-MS2-dsRed

[49]. Subsequently, a DNA fragment containing 3" homology arm of run was amplified
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from genomic DNA using primers (5'-TTT AAT CTA GAA AGC GGG CAAAAATTA
TAATTG TG-3") and (5'-TTA AAG CGG CCG CGC TAA TGC TCG GAG ATA AGT
TAA-3"), and digested with Xbal and Notl. The resulting fragment was inserted into the
plasmid.

pCFD3-dU6-prd 3'UTR

Two DNA oligos (5'-GTC GAT CCA CCA CCT ACT CCT CC-3") and (5'-AAA CGG
AGG AGT AGG TGG TGG AT-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

pBS-prd 5’ Arm-24xMS2-dsRed-SV40-prd 3 Arm

A DNA fragment containing 5" homology arm of prd was amplified from genomic DNA
using primers (5 -TTT AAC TCG AGC GGC GTG CTC GTC TCC GCA AGC AGC-3")
and (5'-TTA AAG AAT TCG GAG TAG GTG GTG GAT CCG TGT CCC-3’), and
digested with Xhol and EcoRI. The resulting fragment was inserted into pBS-MS2-dsRed
[49]. Subsequently, a DNA fragment containing 3" homology arm of prd was amplified
from genomic DNA using primers (5'-TTT AAA CTA GTT CCA GGA GCA GGA GCA
GGT GTC ACC-3") and (5'-TTAAAG CGG CCG CGT GCAATC CGT GCA CAG ATC
TTT GC-3"), and digested with Spel and Notl. The resulting fragment was inserted into
the plasmid.

pCFD3-dU6-hb shadow enhancer-1

Two DNA oligos (5-GTC GTA TCA TTG TTA GCT TGA CA-3") and (5'-AAA CTG
TCA AGC TAA CAA TGA TA-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

pCFD3-dU6-hb shadow enhancer-2

Two DNA oligos (5-GTC GCA ATT AGA AAC CTATCC AAA-3") and (5'-AAACTT
TGG ATA GGT TTC TAA TTG-3") were annealed and inserted into the pCFD3-
dU6:3gRNA vector (addgene # 49410) using Bbsl sites.

pBS-hb shadow enhancer 5 Arm-attP-dsRed-SV40-hb shadow enhance 3 Arm

A DNA fragment containing 5" homology arm of 45 shadow enhancer was amplified from
genomic DNA using primers (5-TTT AAC TCG AGG CAC AAG CAC GAAGTTTAA
TTG-3") and (5'-TTA AAG AAT TCC AAG CTA ACA ATG ATA CAT TTT CCG-3"),
and digested with Xhol and EcoRI. The resulting fragment was inserted into pBS-3xP3-
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GFP [45]. Subsequently, a DNA fragment containing 3" homology arm of 4b shadow
enhancer was amplified from genomic DNA using primers (5-TTT AAA CTA GTAAAA
GGATAG GTT CAATGATGT TAG-3") and (5'-TTAAAG CGG CCG CGC CAG CTA
CCT GCC CGC ACC GTT GG-3'), and digested with Spel and Notl. The resulting

fragment was inserted into the plasmid.

Image analysis
All the image processing methods and analysis were implemented in MATLAB (R2019b,
MathWorks).

Segmentation of nuclei

For each time point, maximum projections were obtained for all 26 z-sections per image.
His2Av-mRFP was used to segment nuclei. His2Av images were first blurred with
Gaussian filtering to generate smoothed images. Pixels expressing intensity higher than
5% of the global maxima in the histogram of His2Av channel were removed. Processed
images were converted into binary images using a custom threshold-adaptative
segmentation algorithm. Threshold values were determined at each time frame by taking
account of 1) histogram distribution of His2Av channel and 2) the number and size of
resulting connected components. Boundaries of components were then modified to locate
MS?2 transcription dots inside of nearest nuclei. In brief, pixels with intensity twice larger
than mean intensity in MS2 channel were considered as active transcription dots, and new
binary images were created for each time frame. The Euclidean distances between the
centroid of binarized transcription dot and all boundaries of segmented nuclei were
calculated. Boundary of the nucleus with the smallest Euclidean distance was modified
in order to capture transcription dot within a nucleus. Subsequently, centroids of
connected components in nuclei segmentation channel were used to compute the Voronoi
cells of the image. Resulting binary images were manually corrected by using Fiji
(https:/fiji.sc).

Tracking of nuclei

Nuclei tracking was done by finding the object with minimal movement across the frames
of interest. For each nucleus in a given frame, the Euclidean distances between the
centroids of the nucleus in current time frame and the nuclei in previous time frame were
determined. The nucleus with the minimum Euclidean distance was considered as a same

lineage.
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Recording of MS2 signal

Maximum projections of raw images were used to record MS2 fluorescence intensities.
Using segmented regions, fluorescence intensities within each nucleus were extracted.
Signals of MS2 transcription dots were determined by taking integral in a 3 x 3 pixel
region centering the brightest pixel within a nucleus after subtracting median fluorescence
intensity within a nucleus as a background. Subsequently, minimum MS?2 intensities were

determined for individual trajectories and subtracted to make the baseline zero.

Quantification of output, transcription period and transcription rate

For each time frame, nuclei with MS2 intensity above the threshold were considered as
active using trajectories after smoothing. Threshold was determined for each gene by
calculating the 15% of the maximum intensity across all smoothed trajectories from three
independent embryos. Length of transcription period was determined by calculating total
active duration for each nucleus. Transcription rate was determined as a mean MS2
intensity during active state using raw trajectories. Total RNA production was measured
by taking the area under the raw trajectory. Nuclei were binned into 20 groups by their

relative AP position, and mean values were determined for each parameter.

Description of burst length

For each time frame, nuclei with MS2 intensity above the threshold were considered to
be bursting using trajectories after smoothing. Threshold was determined for each gene
by calculating the 10% of the maximum MS2 intensity across all smoothed trajectories
from three independent embryos. From each trajectory, duration of every single bursting
events was measured. Bursts that persist only for a single timeframe were considered as

a noise and excluded from the analysis.

Heatmap analysis of instantaneous MS2 intensity and cumulative RNA production
For each time point, mean MS2 intensities among AP-binned nuclei were determined
using raw trajectories and shown as a heatmap. Newly synthesized mRNAs were
considered to be linearly degraded with a half-life of 13 min according to previous
experimental measurements [33, 34]. Amount of undegraded mRNAs at each time point
was calculated using raw MS2 trajectories. For each time point, mean cumulative RNA

levels among AP-binned nuclei were determined and shown as a heatmap.

False-coloring by instantaneous MS2 signals
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MS?2 signal intensity at each nucleus was measured as described in the previous section.
Using segmentation mask, individual nuclei were false-colored with the pixel intensity
proportional to the instantaneous MS2 signal at given time in a given nucleus. Resulting

image was then colored and layered over the maximum projected image of His2 Av-mRFP.
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Figure Legends

Figure 1. Length of transcription period determines spatial pattern of 4b expression.
(A) Sequence cassette containing 24x MS2 and SV40 poly(A) signal was inserted into
the 3" UTR of target genes by using CRISPR/Cas9.

(B) Fluorescent in situ hybridization of endogenous 4b-MS2. Embryo at nc14 was shown.
MS?2 probe was used for the analysis. Image was cropped and rotated to align embryo
(anterior to the left and posterior to the right). Scale bar indicates 50 pm.

(C-E) Profiles of total RNA production (C), transcription period (D) and transcription rate
(E) as a function of AP position. Line plot indicates mean values in groups of nuclei
binned by AP position. In total, 695 nuclei from three independent embryos were analyzed.
(F) Representative trajectories of transcription activity of #b-MS2 in individual nuclei.
(G) A cumulative plot showing fraction of bursting events (y axis) and length of
transcriptional bursting (x axis). A total of 230 nuclei from three independent embryos

was analyzed.

Figure 2. Spatial patterns of gap genes arise from the modulation of transcription
period.

(A-C) Imposed profiles of total RNA production (A), transcription period (B) and
transcription rate (C) as a function of AP position. Line plots indicate mean values in
groups of nuclei binned by AP position. A total of 546, 695, 759, 740, 608, 429 nuclei,
respectively, were analyzed from three independent embryos for anterior gt, anterior /b,
Kr, kni, posterior gt and posterior /4b. Plots of 4b are same as the plots in Figure 1C-E and
Figure S2A-C.

(D-F) Imposed profiles of total RNA production (D), transcription period (E) and
transcription rate (F) as a function of AP position. Line plots indicate mean values in
groups of nuclei binned by AP position. A total of 270, 481, 668 nuclei, respectively, were
analyzed from three independent embryos for otd, ems and btd.

(G) Boxplot showing the distribution of transcription rate shown in (C) and (F). The box
indicates the lower (25%) and upper (75%) quantiles, and the solid line indicates the

median. Whiskers extend to the most extreme, non-outlier data points.

Figure 3. Enhancer competition at the 4b locus.
(A) Organization of the endogenous /b locus. P300 ChIP-seq data from nc12 tonc14 WT
embryos [50], Zelda ChIP-seq data from 2- to 4-h WT embryos [51], and TBP ChIP-seq

data from 2- to 4-h WT embryos [52] were visualized with Integrative Genomics Viewer
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(IGV).

(B) Time-course measurement of nascent 26 RNA production in WT and deletion mutant
as a function of AP position. In total, 695 and 681 nuclei from three independent embryos
were analyzed.

(C) Profile of transcription period in WT and deletion mutant. Line plot indicates mean
values in groups of nuclei binned by AP position. In total, 695 and 681 nuclei from three
independent embryos were analyzed. Plot of WT is same as the plot in Figure 1D.

(D) Boxplot showing the distribution of transcription rates in WT and deletion mutant.
The box indicates the lower (25%) and upper (75%) quantiles, and the solid line indicates
the median. Whiskers extend to the most extreme, non-outlier data points. In total, 695

and 681 nuclei from three independent embryos were analyzed.

Figure 4. Dynamic refinement of gap gene expression.

(A) Averaged MS2 signal in groups of nuclei binned by AP position over space and time.
Data set shown in Figure 2 was used for the analysis.

(B-C) Averaged cumulative RNA production in groups of nuclei binned by AP position
in the absence (B) or presence of mRNA decay (C). Data set shown in Figure 2 was used
for the analysis.

(D) Averaged MS2 signal in groups of nuclei binned by AP position. Data set shown in
Figure 3 was used for the analysis.

(E) Averaged cumulative RNA production in groups of nuclei binned by AP position in
the absence (left) or presence of mRNA decay (right). Data set shown in Figure 3 was

used for the analysis.
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Supplemental Figure Legends

Figure S1. Distribution of MS2-tagged transcripts in genome editing strains.

(A) Fluorescent in situ hybridization of endogenous gt-MS2, hb-MS2, Kr-MS2 and kni-
MS2. Embryo at ncl4 was shown. MS2 probe was used for the analysis. Image was
cropped and rotated to align embryos (anterior to the left and posterior to the right). Scale
bar indicates 50 um.

(B) Fluorescent in situ hybridization of endogenous otd-MS2, ems-MS2 and btd-MS2.
Embryo at nc14 was shown. MS2 probe was used for the analysis. Image was cropped
and rotated to align embryos (anterior to the left and posterior to the right). Scale bar
indicates 50 pm.

(C) Fluorescent in situ hybridization of endogenous fiz-MS2, eve-MS2, h-MS2, run-MS2
and prd-MS2. Embryo at nc14 was shown. MS2 probe was used for the analysis. Image
was cropped and rotated to align embryos (anterior to the left and posterior to the right).
Scale bar indicates 50 um.

(D) Transcription period and transcription rate were determined for individual nuclei.

Representative trajectory of 4b-MS2 was shown.

Figure S2. Regulation of #b expression at the posterior part of embryos.

(A-C) Profiles of total RNA production (A), transcription period (B) and transcription
rate (C) as a function of AP position. Line plot indicates mean values in groups of nuclei
binned by AP position. In total, 429 nuclei from three independent embryos were analyzed.
(D) Representative trajectories of transcription activity of 2b-MS2 in individual nuclei.
(E) A cumulative plot showing fraction of bursting events (y axis) and length of
transcriptional bursting (x axis). A total of 217 nuclei from three independent embryos

was analyzed.

Figure S3. Regulation of transcriptional bursting at expression boundaries.

(A) Nuclei surrounding posterior expression boundary were analyzed. Images of gt, Kr
and kni are same as the images in Figure S1A.

(B) Representative trajectories of transcription activity of g¢-MS2 (left), Kr-MS2 (middle)
and kni-MS2 (right) in individual nuclei.

(C) Cumulative plot showing fraction of bursting events (y axis) and length of
transcriptional bursting (x axis) from the analysis of three independent embryos. A total
of 196, 233, 216 nuclei, respectively, was analyzed from three independent embryos for
gt, Kr and kni.
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Figure S4. Regulation of pair-rules genes at the stripel and stripe2 region.

(A) Profiles of total RNA production (top), transcription period (middle) and transcription
rate (bottom) as a function of AP position. Line plot indicates mean values in groups of
nuclei binned by AP position. A total of 656, 571, 638, 630, 671 nuclei, respectively, were
analyzed from three independent embryos for fiz, A, prd, run, and eve.

(B) Boxplot showing the distribution of transcription rate shown in (A). The box indicates
the lower (25%) and upper (75%) quantiles, and the solid line indicates the median.

Whiskers extend to the most extreme, non-outlier data points.

Movie S1. Live imaging of hb-MS2 at the anterior expression domain.

Live imaging of hb-MS?2 at the anterior part of embryo during nc14. Each nucleus was
false-colored with the intensity proportional to the instantaneous MS2 signal at given time
in a given nucleus. The maximum projected image of His2Av-mRFP is shown in gray.

Image is oriented with anterior to the left.

Movie S2. Live imaging of h1b-MS2 at the posterior expression domain.

Live imaging of h1b-MS2 at the posterior part of embryo during nc14. Each nucleus was
false-colored with the intensity proportional to the instantaneous MS2 signal at given time
in a given nucleus. The maximum projected image of His2Av-mRFP is shown in gray.

Image is oriented with anterior to the left.

Movie S3. Live imaging of WT and mutant hb-MS2 at the anterior expression
domain.

Live imaging of WT (top) and Ashadow enhancer mutant #b-MS2 (bottom) at the anterior
part of embryo during ncl4. Each nucleus was false-colored with the intensity
proportional to the instantaneous MS2 signal at given time in a given nucleus. The
maximum projected image of His2Av-mRFP is shown in gray. Images are oriented with

anterior to the left.
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